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Abstract:  
  High temperature sintering processes of selective laser sintered Al2O3/ZrO2/TiC 
ceramics were studied. The effects of the sintering temperature and the sintering time on the 
relative density, strength and fracture toughness of Al2O3/ZrO2/TiC ceramics were 
investigated. The results showed that the sintering temperature and sintering time had a great 
effect on the relative density and the mechanical properties of Al2O3/ZrO2/TiC ceramics. The 
mechanical strength increased from 120MPa to 360MPa and KIC increased from 3.7 J/m
2 to 
6.9 J/m
2 when the sintering temperature increased from 1400
oC to 1600
 oC, however, the 
mechanical strength decreased rapidly from 370MPa to 330MPa and KIC decreased from   
6.9 J/m
2 to 6.1 J/m
2
 when the sintering time increased from 30min to 90min. Furthermore, the 
addition of TiC and ZrO2 in the Al2O3 matrix significantly improved mechanical strength and  
fracture toughness of the Al2O3 matrix ceramics. 
Keywords: High-temperature sintering; Al2O3/ZrO2/TiC ceramic; Fracture toughness; 
Strength; The relative density 
 
 
 
1. Introduction 
 
 Al2O3–TiC composite has been widely used as cutting tools and wear resistance 
coating, because of its high hardness, good strength and toughness, chemical stability and 
excellent wear resistance. Several studies have been carried out by adding Y2O3 [1], ZrO2 [2], 
SiC whisker [3] and Co [4] to Al2O3–TiC composite in order to further improve its strength 
and toughness. 
  In this study, Al2O3–TiC–ZrO2 ceramic was prepared by selective laser sintering. 
Compared to the traditional manufacturing process of ceramic components, it has the 
advantages of a short producing cycle, low cost and working flexibility. Furthermore, in this 
area, significant progress was demonstrated [5-9]. However, due to low availability of 
machines appropriate for ceramics laser sintering or melting, it’s application was seldom 
reported. In order to further improve its strength and toughness, Al2O3–TiC–ZrO2 ceramic 
prepared by selective laser sintering was then sintered in high temperature.  
  The objective of the present work has been to analyze the effects of sintering 
temperature and sintering time on the relative density, mechanical properties and 
microstructure of Al2O3/ZrO2/TiC ceramics so that the laws of the formation of the ceramic 
part should be understood, which should provide guidance for the alteration and control of the P.Bai et al. /Science of Sintering, 41 (2009) 35-41 
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high temperature sintering processes of ceramics. 
 
 
2 Experimental  
2.1 Fabrication of polymer-coated ceramic powder 
 
    Commercial powders of Al2O3 (99.99% purity, average size 0.2mm in diameter), 
ZrO2 (99.99% purity, 0.5mm) and TiC (99.99% purity, 0.5mm) were used for experiments.  
First, the composite ceramic powder was added into 4 wt.% liquid polymer (the mixture of 
wax and polymethylmethacrylate (PMMA) dissolved in carbon tetrachloride) after it was 
mixed by dry milling with steel balls for 36h. Then, the mixture was dried and crushed into 
little particles, and finally, particles were ground into fine particles in a crucial point machine, 
and the polymer-coated Al2O3/ ZrO2/ TiC ceramic powder was prepared. The particle size of 
this powder was 260 mesh with a maximal particle diameter of 56μm.  
 
Tab. I. Composition of polymer-coated Al2O3/ ZrO2/ TiC ceramic powder 
Composition Al2O3 ZrO2 TiC WAX  PMMA 
Fraction (vol%) 
 
58  14 3 12  13 
 
  The composition of PCCP1 is shown in Tab. I. 
 
 
2.2 Selective laser sintering of polymer-coated ceramic powder 
 
  Selective laser sintering experiments of polymer-coated ceramic powder were 
conducted using a self-developed laser sintering machine (LLS-500D).  
 
Tab. II. The optimal processing parameters of SLS processing 
Laser power 
(W) 
Scanning speed 
(mm·S
-1
Powder depth 
(mm) 
Preheating temperature 
(
0C) 
14 1400  0.15  50 
 
The optimal processing parameters of SLS processing in this study are given in Tab. II 
 
  
2.3 Post-treatment experiment 
 
  In order to improve the mechanical properties of ceramics, a high temperature 
sintering process was adopted to decompose the polymer and sinter the remaining materials, 
and the whole process included the two steps: de-binding and high temperature sintering. 
Firstly, SLS ceramics were heated to 300
oC at 100
oC/h for 1h, then heated to 450
oC at 
100
oC/h for 2h, and finally, the ceramics were heated to 1400, 1500 and 1600
oC at 100
oC/h 
for 30, 60 and 90 min before cooling at 30
oC /h. The two step processes were conducted in a 
vacuum sintering oven. 
 
 
2.4 Property measurements 
 
  After cooling at 30C/h, the ceramics were cleaned by ultrasonic before and after the 
mechanical properties measurement. The density of each part was measured by the P. Bai et al./Science of Sintering, 41 (2009) 35-41 
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Archimedes principle using the water immersion method; the bending strength was measured 
by three-point bending method using an Instron 4206 materials testing machine with speed of 
0.5mm/min, span of 30mm; the rigidity of the ceramics was measured by impressing trace 
with Vickers hardness apparatus; the fracture toughness was measured by Single Edge 
Notched Beam (SENB) technique; the microstructures of the ceramic ceramics were 
investigated using scanning electron microscopy (SEM) (Model JSM-5310, Japan) equipped 
with EDS (Model Link-Isis, Britain). 
 
 
3 Results and discussion 
3.1 The effect of sintering temperature on density and mechanical properties 
 
  Fig. 1 shows the effect of sintering temperature on the relative density of Al2O3-ZrO2-
TiC ceramics. It can be seen that the relative density of Al2O3-ZrO2-TiC ceramics increases 
with increasing of the sintering temperature, the relative density is up 95% when the sintering 
temperature is 160
0C. This indicated that the increase of the sintering temperature is in favor 
of the densification of Al2O3-ZrO2-TiC ceramics. 
 
 
Fig. 1 Effect of the sintering temperature on the relative density of Al2O3-ZrO2-TiC ceramic. 
 
  Fig. 2 shows the effect of the sintering temperature on the mechanical strength. It can 
be seen that the mechanical strength increases rapidly from 120 MPa to 310 MPa when the 
sintering temperature increases from 140
0C to 150
0C, but when the temperature further 
increases, the mechanical strength increases slowly, it can reach 360 MPa at 160
0C.  
 
 
Fig. 2 Effect of the sintering temperature on mechanical strength of Al2O3-ZrO2-TiC ceramic. P.Bai et al. /Science of Sintering, 41 (2009) 35-41 
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  It can be also seen from Fig. 2 that the fracture toughness (KIC) increases with the 
increasing of the sintering temperature, when the temperature increases from 1400C to 
1600C, KIC increases from 3.7 J/m
2 to 6.9 J/m
2.  
 
 
 
Fig. 3 Micrograph of Al2O3-ZrO2-TiC ceramics fracture surface. 
 
  The reason may be as follows: the sintering degree among Al2O3, ZrO2 and TiC with 
the increasing of the sintering temperature, ZrO2 and TiC are uniformly distributed in the 
Al2O3 matrix, a uniform dense microstructure is formed (see Fig.3), this structure extremely 
improves the fracture toughness of the Al2O3-ZrO2-TiC ceramics; in addition, the size and the 
number of flaws in sintering body decrease with the increasing of the density, which makes 
the fracture toughness of Al2O3-ZrO2-TiC  ceramics increase. 
 
 
3.2 The effect of sintering time on density and mechanical properties 
 
  Fig.4 shows the effect of sintering time on the relative density of Al2O3-ZrO2-TiC 
ceramics. It can be seen that the relative density of Al2O3-ZrO2-TiC ceramics increases 
steadily with increasing of the sintering time. This indicated that the increase of the sintering 
time is in favor of the densification of Al2O3-ZrO2-TiC ceramics. 
 
 
Fig. 4 Effect of the sintering time on the relative density of Al2O3-ZrO2-TiC ceramic. P. Bai et al./Science of Sintering, 41 (2009) 35-41 
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Fig. 5 Effect of the sintering time on mechanical strength of Al2O3-ZrO2-TiC ceramic 
 
  Fig. 5 shows the effect of the sintering time on mechanical strength. It can be seen 
that the mechanical strength decreases rapidly from 370MPa to 330MPa when the sintering 
time increases from 30min to 90min. It can be also seen from Fig.5 that the fracture toughness 
(KIC) decreases with the increasing of the sintering time, when the time increases from 30min 
to 90min, KIC decreases from 6.9 J/m
2 to 6.1 J/m
2.  
 
Tab. III. The particle size in the different sintering time 
 
Time/min 30  60  90 
Particle size/μm 20  24  39 
 
  The reason for the decrease in the fracture strength with the sintering time may be as 
follows: Al2O3-ZrO2-TiC ceramics are brittleness materials, the dominant fracture behavior of 
the Al2O3-ZrO2-TiC ceramics is intergranular fracture [2], the smaller the particle size, the 
more fracture energy needed, and the higher fracture toughness, the particle size of sintering 
body significantly increases with the increasing of the sintering time (see Tab. III), and the 
fracture toughness decreases.  
 
 
3.3 The high temperature sintering mechanism of Al2O3-ZrO2-TiC ceramics 
 
  Fig. 6 shows the typical backscattered-electron micrographs of Al2O3-ZrO2-TiC 
ceramics, according to EDS analysis results (see Fig.7), it can be confirmed that the white 
areas are Al2O3 phases, the dark ones are ZrO2 phases and the gray ones are TiC phases. It can 
be seen that TiC phases and ZrO2 phases are embedded by the Al2O3 matrix phases. 
Furthermore, it can be also seen from Tab. IV that the addition of TiC and ZrO2 significantly 
improves the mechanical properties of the Al2O3 matrix ceramics.  
 
Tab. IV. The mechanical properties of sintered materials 
 
Materials  Strength (MPa)  Fracture toughness (J/m
2) 
Al2O3-ZrO2-TiC  358 6.90 
Al2O3 302 3.25 P.Bai et al. /Science of Sintering, 41 (2009) 35-41 
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Fig. 6 Typical backscattered-electron micrograph of Al2O3-ZrO2-TiC ceramic. 
 
 
 
 
 
Fig. 7 EDS analysis results of Al2O3-ZrO2-TiC ceramic. 
 
  This may be reason that TiC and ZrO2 in Al2O3 matrix prevent the grain boundary 
migration and grain growth, according to the previous study [10,11], the smaller grain sizes, 
the higher the strength and the fracture toughness, in addition, the dispersion of TiC and ZrO2 P. Bai et al./Science of Sintering, 41 (2009) 35-41 
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in Al2O3 matrix leads to the formation of the multiphase microstructure, the second phase 
prevents the propagation of the cracks, which makes the fracture energy increase, therefore, 
the strength and the fracture toughness of Al2O3 matrix increase. 
 
 
4 Conclusions 
 
  (1) The relative density of sintering ceramics increases with increasing of the 
sintering temperature and the sintering time. 
  (2) The mechanical strength increases from 120MPa to 360MPa and KIC increases 
from 3.7 J/m
2 to 6.9 J/m
2 when the sintering temperature increases from 1400
0C to 1600
0C, 
however, the mechanical strength decreases rapidly from 370MPa to 330MPa and KIC 
decreases from 6.9 J/m
2 to 6.1 J/m
2
 when the sintering time increases from 30min to 90min. 
  (3) The addition of TiC and ZrO2 in Al2O3 matrix significantly improves the 
mechanical strength and the fracture toughness of the Al2O3 matrix. 
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Садржај:  Проучени  су  високотемпературни  процеси  синтеровања  керамике 
Al2O3/ZrO2/TiC добијене селективним ласерским синтеровањем. Проучени су ефекти 
температуре  и  времена  синтеровања  на  релативну  густину,  чврстоћу  и  отпор  на 
прелому Al2O3/ZrO2/TiC керамике. Резултати су показали да су време и температура 
синтеровања  имали  великог  утицаја  на  релативну  густину  и  механичка  својства 
Al2O3/ZrO2/TiC керамике. Механичка чврстоћа је порасла од 120 МРа до 350 МРа а KIC 
је порасао од 3.7 J/m
2 до 6.9 J/m
2 са повећањем температуре синтеровања од 1400 до 
1600
 oC, међутим механичка чврстоћа се нагло смањивала оф 370 МРа до 330 МРа а 
KIC се смањио од 6.9 J/m
2 до 6.1 J/m
2
 са повећањем времена синтеровања од 30 до 90 
минута.  Даље,  додатак TiC и ZrO2  у Al2O3  матрицу  је  значајно  увећало  механичку 
чврстоћу и отпор на прелому Al2O3 матричне керамике. 
Кључне речи: Високотемпературно синтеровање; Al2O3/ZrO2/TiC керамика; отпор на 
прелому; чврстоћа; релативна густина.  